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The formation and dissociation of dimer complexes consisting of a transition metal ion and 
two polyether ligands is examined in a quadrupole ion trap mass spectrometer. Reactions of 
three transition metals (Ni, Cu, Co) with three crown ethers and four acyclic ethers (glymes) 
are studied. Singly charged species are created from ion-molecule reactions between laser- 
desorbed monopositive metal ions and the neutral polyethers. Doubly charged complexes are 
generated from electrospray ionization of solutions containing metal salts and polyethers. For 
the singly charged complexes, the capability for dimer formation by the ethers is dependent 
on the number of available coordination sites on the ligand and its ability to fully coordinate 
the metal ion. For example, l&crown-6 never forms dimer complexes, but 12-crown4 readily 
forms dimers. For the more flexible acyclic ethers, the ligands that have four or more oxygen 
atoms do not form dimer complexes because the acyclic ligands have sufficient flexibility to 
wrap around the metal ion and prevent attachment of a second ligand. For the doubly 
charged complexes, dimers are observed for all of the crown ethers and glymes, thus show- 
ing no dependence on the flexibility or number of coordination sites of the polyether. The 
nonselectivity of dimer formation is attributed to the higher charge density of the doubly 
charged metal center, resulting in stronger coordination abilities. Collisionally activated 
dissociation is used to evaluate the structures of the metal-polyether dimer complexes. 
Radical fragmentation processes are observed for some of the singly charged dimer com- 
plexes because these pathways allow the monopositive metal ion to attain a more favorable 
2 + oxidation state. These radical losses are observed for the dimer complexes but not for the 
monomer complexes because the dimer structures have two independent ligands, a feature 
that enhances the coordination geometry of the complex and allows more flexibility for the 
rearrangements necessary for loss of radical species. Dissociation of the doubly charged 
complexes generated by electrospray ionization does not result in losses of radical neutrals 
because the metal ions already exist in favorable 2+ oxidation states. (J Am Sot Mass 
Spectrom 1997,8,620-629) 0 1997 American Society for Mass Spectrometry 
T he examination of reactions of metal ions with organic ligands in the gas phase has been an ongoing field of research over the past two 
decades because of both the fundamental interest in 
metal ion chemistry [ l---8] and the interesting analogies 
between solution and gas-phase chemistry. Recent ad- 
vances in mass spectrometry have allowed the genera- 
tion of selectivity solvated metal complexes [g-lo], 
measurement of binding energies of metal-containing 
clusters 18-111, and elucidation of metal binding sites 
of oligonucleotides [12], to name just a few of the 
active areas of research involving metal complexation 
in the gas phase. Metal complexation has also been 
viewed as a versatile method of ionizing molecules, 
and there have been numerous reports of metal com- 
plexation in fast-atom bombardment (FAB) [13-181 or 
electrospray ionization (ESI) mass spectrometry [ 19-211 
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resulting in the creation of stable complexes, such as 
those containing saccharides or peptides. 
Much of our work with metal ions has focused on 
reactions of ligands that have an array of identical 
binding sites, such as crown ethers or pyridyl 
molecules, and allow multisite coordination and/or 
chelation with metal ions. In fact, this type of process 
has been extensively studied in terms of molecular 
recognition [22-271 in solution and in the gas phase 
128-371. Size selectivity has been a common theme in 
many of these reports. For example, Dearden and 
co-workers [33] showed that size selectivity was evi- 
dent for gas-phase association and ligand-transfer reac- 
tions of alkali metal ions with crown ethers possessing 
different cavity sizes. The LIB-crown-6 + Na+l com- 
plex did not associate with a second l&crown-6 
ligand, presumably because the first l&crown-6 effec- 
tively encapsulated the Na+ ion. In contrast, [12- 
crown4 + Na+] attached a second ligand because the 
rigid 12-crown4 structure could not fully surround the 
Na+ ion, and thus the Na+ ion protruded from the 
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complex. This simple example illustrates one of the 
striking aspects of metal coordination by polyethers in 
the gas phase. 
The main objective of the present work involves the 
characterization of dimer complexes formed from tran- 
sition metal ions and two polyether molecules, with 
the aim of probing size-selective aspects of metal coor- 
dination. There have been several previous reports that 
describe the reactions of transition metal ions in the 
gas phase with simple ethers [38-401 and the reactions 
of transition metal-containing complexes, such as acetyl 
acetonate or cyclopentadienyl metal ion species, with 
polyethers 141-441. There have been only a few studies 
of the gas-phase reactions of bare metal ions with 
polyethers. One early study of the reactions of Cr+ and 
Fe+ ions with polyethers reported that Fe+ ions un- 
derwent more numerous reactions with cyclic 12- 
crown4 than its acyclic analog, triethylene glycol 
dimethyl ether [45, 461; this result was attributed to a 
“gas-phase macrocyclic effect” [46]. In a recent study 
from this laboratory [47], it was found that for a series 
of polyether-transition metal ion complexes, collision- 
ally activated dissociation (CAD) reactions were medi- 
ated by the flexibility of the polyether and the number 
of coordination sites, a type of size selectivity. The 
CAD patterns for the different polyether-metal ion 
complexes showed striking variations depending on 
the flexibility of the ether, its number of coordination 
sites, and the type of metal ion. For example, [12- 
crown-4 + Co’] fragmented upon collisional activa- 
tion by loss of CH,=CH, or C,H,O closed shell 
neutrals, with the products incorporating no covalent 
bonds to Co+. In contrast, [l&crown-6 + Co’] dissoci- 
ated by loss of CH=CH’ or C,H,O’ radicals, and 
these products incorporated one covalent bond be- 
tween the Co+ ion and the crown ether. These differ- 
ences were rationalized based on the flexibility of the 
crown ether and its number of coordinating sites, fac- 
tors that affected its ability for optimal coordination of 
the metal ion and the strength of the binding interac- 
tions. 
In the present study, the formation of dimer com- 
plexes consisting of a transition metal ion and two 
polyether ligands and the subsequent dissociation of 
the resulting dimer complexes are examined. Dimer 
complexes incorporate two independent ligands, a fac- 
tor that may give the complexes an enhanced degree of 
flexibility with respect to optimization of the binding 
interactions between the oxygen atoms and the metal 
ion. The reactions of three transition metals with three 
crown ethers and three acyclic ethers @ymes) are 
studied in a quadrupole ion trap mass spectrometer. 
Both singly and doubly charged complexes are evalu- 
ated. The singly charged species are created from 
ion-molecule reactions between laser-desorbed metal 
ions (copper, cobalt, nickel) and the neutral polyethers 
CL). The doubly charged complexes are generated from 
the electrospray ionization of solutions containing 
transition metal ion salts and polyethers. CollisionalIy 
activated dissociation is used to evaluate the structures 
of the metal-polyether complexes. The primary experi- 
mental objectives are to evaluate the capability for 
dimer formation for the various polyethers and to 
compare the fragmentation pathways of the dimer 
complexes with those obtained for the monomer com- 
plexes, with the aim of exploring the basis for the 
differences in the dissociation behaviors between two- 
ligand and one-ligand transition metal complexes. AS 
reported herein, new fragmentation pathways are ob- 
served for some of the dimer complexes that were not 
observed for the corresponding monomer complexes. 
This contrasting result is rationalized based on the 
increased ligand flexibility of the dimer structures and 
optimized coordination of the metal ion. 
Experimental 
Laser Desorption 
These experiments were performed in a Finnigan MAT 
(San Jose, CA) quadrupole ion trap mass spectrometer 
[48] equipped with a probe-mounted fiber optic laser 
desorption assembly [49]. Metal ions were generated 
by pulsed laser desorption of a metal foil applied to a 
TeflonTM sample support. A Nd:YAG laser operated in 
the Q-switch mode provided the desorption pulse. 
Transition metal ions were desorbed with a power 
density of 2 x 10’ W/cm2. The metal ions are stored 
in the ion trap and allowed to undergo reactions with 
neutral polyethers (admitted through a leak valve or 
on a solids probe to a nominal pressure of 1 X 10e6--2 
X 10m6 torr) for 20-200 ms. The metal-polyether com- 
plexes are mass-analyzed by operating the ion trap in 
the mass-selective instability mode in which an rf 
voltage applied to the ring electrode is used to eject 
ions onto an externally located electron multiplier de- 
tector. A helium buffer gas pressure of l-2 mtorr is 
used to assist in collisional cooling of the complexes. 
The CAD spectra of the metal complexes were ob- 
tained by applying a small ac voltage (500-1000 mVP-P) 
across the endcap electrodes at a 9 value of 0.3 for 
5-10 ms. 
Electrospruy Ionization 
Experiments were performed by using a Finnigan MAT 
ion trap detector (ITD) operating in the mass-selective 
instability mode with modified electronics to allow for 
axial modulation. The electrospray interface [501 is 
based on a design reported by the Oak Ridge ion trap 
group. Solutions containing the analyte were pumped 
through a 12-m section of Teflon” tubing at the rate of 
l-10 pL/min by a syringe pump (Raze1 Scientific 
Instrument8, Inc., Stamford, CT) connected to a 
domed-tipped 120~pm-i.d. stainless steel needle (SGE, 
Incorporated, Austin, TX) by a zerodead-volume union 
and gas-tight fittings (Upchurch Scientific, Oak Har- 
bor, WA). The needle tip was placed l-2 cm from the 
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inlet aperture of the interface. The interface was 
pumped to a pressure of 3.1 X 10-l torr by using a 
35-ft3/min belt-driven rough pump connected by four 
12.7~mm pumping ports to the interface flange. A 
converted Finnigan 4000 vacuum chamber had a base 
pressure of 5 X 10v5 torr by using two turbomolecular 
pumps having a combined pumping speed of 330 L/s. 
Helium was admitted into the chamber through a leak 
valve to maintain a pressure of 1 mtorr. 
A positive voltage of 3-4 kV was applied to the 
needle for positive ion mode, and ions were injected 
through a 100-pm-diameter sampling orifice, typically 
maintained at loo-120 V. Located within the interface 
region, two lens elements (both having a 12.7~mm 
aperture diameter) were maintained at 30-90 V to 
optimize the ion signal. An aperture plate (having a 
250~pm exit orifice) was held at ground potential. Ions 
emanating from the exit aperture are focused through 
a seven-hole endcap electrode into the ion trap by 
applying suitable voltages to the elements in a three 
lens system. Positive ions are gated into the trap by 
inverting the ITD gate voltage and applying it to one 
of the half-plates. At all other times, ions were de- 
flected away from the entrance endcap. Typical injec- 
tion times were 25-150 ms and ions were detected by 
using a Channeltron 4773 electron multiplier (Galileo 
Electro-Gptics Corporation, Sturbridge, MA). 
Reap ts 
All polyethers, transition metal foils, and transition 
metal ion salts were obtained from Aldrich Chemical 
Company (Milwaukee, WI), except cupric sulfate pen- 
tahydrate, which was obtained from Spectrum Chemi- 
cal Manufacturing Corporation (Gardena, CA). All 
reagents were used without further purification. 
Results and Discussion 
Formation of Monopositive Dimer Complexes by 
Laser Desorption and ion-Molecule Reactions 
By using similar reaction conditions, each polyether 
was introduced into the ion trap and allowed to react 
with the laser-desorbed metal ions during a 200~ms 
reaction period. During this period, each polyether 
could associate with a metal ion, with ample opportu- 
nity for attachment of a second polyether ligand. For 
the crown ethers, 18-crown-6 never generated dimer 
complexes, even after extended reaction times or at 
increased pressure of l&-crown-6 in the trap. In con- 
trast, 12-crown-4 always formed large quantities of 
dimer species, and in fact the dimer complexes became 
predominant at longer reaction times. The reactions of 
15-crown-5 resulted in an intermediate behavior, in 
which formation of dimer complexes was not observed 
upon reactions with Cu+ or Ni+ ions, but dimer ions 
were observed to a moderate extent for the reactions 
with Co+ ions. Thus, the dimerization reactions show 
an apparent size dependence in which the large 18- 
crown-6 ligand may fully coordinate or encapsulate 
the transition metal ions, such that attachment of a 
second polyether ligand is prohibited, as proposed 
recently for complexation of alkali metal ions [33]. The 
smaller, more rigid 12-crown-4 molecule is not able to 
fully coordinate or encapsulate the metal ions, so at- 
tachment of a second ligand is favorable and leads to a 
more stable dimer complex. For 15-crown5, the favor- 
ability of dimerization is dependent on the nature of 
the metal ion, with the Cu+ and Ni+ ions being fully 
coordinated by the 15-crown5 ligand. For these cyclic 
ethers, it appears that the presence of five or six 
oxygen atoms is generally sufficient to fully coordinate 
the metal ion. This qualitative examination of dimer- 
ization clearly demonstrates that the various sizes of 
polyether ligands have different coordination capabili- 
ties in the gas phase. This type of size-selective ca- 
pability for dimerization has been noted previously 
for the reactions of alkali metal ions with crown 
ethers [33]. 
In addition to the trends in dimerization based on 
the size of the polyether, there is also variation de- 
pending on the identity of the metal ion. As mentioned 
above, 15-crown5 forms dimers with Co+, but not 
with Cu+ or Ni+, whereas 12-crown-4 forms dimers 
with all of the metal ions. There may be three explana- 
tions for this variation in dimerization among the 
metal ions. There may be a difference in the sizes of 
the metal ions, such that the largest ion is less fully 
encapsulated by 15-crown5, allowing attachment of a 
second molecule of 15-crown-5. Based on this explana- 
tion, the size of Co+ would be larger than that of Cu+ 
or Ni+. The sizes of monopositive Co+ and Nif are 
not known, so we have no basis for supporting this 
explanation. Alternatively, the electronic configuration 
of Co+ Us) is less saturated than that of Cu+ (d”) or 
Ni+ (d9), so Co+ may possess an intrinsically greater 
ability to coordinate the crown ether ligands. Thus, the 
degree of unsaturation of the metal ion could influence 
the capability for dimerization of 12-crown-4 and 15- 
crown-5. Third, the differences in the dimerization 
behavior may be caused by the differences in coordina- 
tion symmetry of the metal ion. Transition metal 
cations have definite directional binding preferences 
and attain different hybridizations to minimize orbital 
repulsions [51, 521. For example, in a recent study of 
the complexation of first row transition metals by 
oligosaccharide trimers, the authors found that the 
optimal carbohydrate:metal concentration ratio de- 
pended on the coordination geometry of the metal ion 
in the complex [53]. This directional feature, which is 
related to the electronic structure of each particular 
transition metal ion, may account for the variations 
observed in dimer formation. 
For the acyclic polyethers, the trend in size depen- 
dence is modified with respect to the number of oxy- 
gen coordination sites that causes the shift in dimeriza- 
tion behavior. For monoglyme or diglyme, possessing 
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two or three oxygen atoms, respectively, dimerization 
is efficient for all of the metal ions. In contrast, for 
triglyme, the acyclic analog of 12-crown4 with four 
oxygen atoms, dimerization is never observed. These 
results confirm that the more flexible polyethers have 
an enhanced ability to fully coordinate or encapsulate 
the metal ion, thus preventing attachment of a second 
ether unit. Fewer oxygen atoms are required for gly- 
mes as compared to the cyclic ethers for optimal coor- 
dination of the transition metal ion, presumably be- 
cause of the greater flexibility of the acyclic ethers 
which allows them to orient their oxygen dipoles more 
favorably during metal coordination. 
Dissociation of the Monopositive Crown Ether 
Dimer Complexes 
For the combinations of crown ethers and metal ions 
that led to successful formation of dimer complexes, 
CAD was used to evaluate the fragmentation pro 
cesses. Simple disassembly of the dimer complexes by 
elimination of one polyether ligand was expected to be 
the favored process. As shown in Table 1, the [2 x 12- 
crown4 + Cu’l and 12 x 12crown-4 + Ni+] com- 
plexes simply disassemble upon collisional activation, 
leading to elimination of one crown ether unit. In 
striking contrast, the 12 X 12-crown-4 + Co’] complex 
undergoes several other fragmentation processes, in- 
cluding elimination of C,H,O’ or C,Hj radical species 
(Figure 1). The latter two processes are quite interest- 
ing because these pathways were not observed upon 
dissociation of the [12-crown-4 + Co’] complex [47]. 
For [12-crown-4 + Co’], the favored dissociation pro 
cess involved loss of C,H, [471, as shown in Scheme 
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Figure 1. CAD of [2 X 12-crown-4 + Co’1 complex. 
Ia. The loss of radicals was not observed for the [12- 
crown4 + Co’] complexes. In fact, the loss of C,H,O’ 
or C,Hi radicals is the predominant fragmentation 
pathway of the [M-crown-6 + Co’] complex [47l in 
which the metal ion is more optimally coordinated by 
a single large, flexible crown ether. Such radical losses 
allow formation of one covalent or ionic bond between 
the crown ether and the metal ion, and may permit the 
metal ion to attain a more favorable 2 + oxidation state 
[47]. In our earlier study of transition metal-polyether 
monomer complexes [47l, we elucidated that the flex- 
ibility and number of coordination sites of the polyether 
were significant factors that intkenced the accessibility 
of the more favorable radical loss processes. Presum- 
ably the rigid structure of the 12-crown-4 molecule 
prohibited the necessary rearrangement and optimal 
coordination that facilitated the loss of radical species. 
Apparently, in the present situation, the [2 X 12- 
Table 1. CAD spectra of monopositive transition metal ion-crown ether monomer and dimer complexes: Series of neutral lossd 
12-Crown-4 15-Crown-5 18-Crown-6 
[L+ M+l [2L+ M+l [L+ M+l [2L + M+l (L+ M+l [2L + M+l 
ChJ+ n&H,0 (58%) 12-crown-4 (100%) nC,H,O (70%) NA n&H,0 (80%) NA 
C,H,, nC2H,0 (35%) X C,H,, n&H,0 (26%) CIH, + nC2H,0 (15%) 
H,O, r&H,0 (7%) X H,O, nC,H,O (4%) H,O + nC,H,O (5%) 
co+ nC,H,O (15%) 12-crown-4 (60%) n&H,0 (23%) 15-C-5 (80%) X NA 
C,H,, n&H,0 (80%) 12-C-4, C,H, (15%) C,H,, n&H,0 (52%) 15-C-5, C,H, X 
(20%) 
C,H, (5%) 12-C-4, C,H,, X X X 
&H,O (10%) 
X C,H,O’ (15%) X C,H,O; nC,H,O (87%) 
C,H,O’ (10%) 
X C,H,, n&H,0 (10%) X C,H;, r&H,0 (13%) 
C,H,, C2H40 (5%) 
Ni+ nC,H,O (40%) 12-crown-4 (100%) n&H,0 (45%) NA X NA 
C,H,, n&H40 (25%) X X X 
C,H,, n&H40 (35%) X C,H,, r&H,0 (20%) X 
X X C,H,O’ (10%) C,H,O; n&H40 (65%) 
X X C,H,, n&H,0 (25%) C,H,, n&H,0 (35%) 
‘NA: no dimer formation wes observed. nC,H,O means a series of C2H40 units may be lost in conjunction with a specific fragment. For 
individual fragment percentages of IL + M+l complexes, see ref 47. 
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a 
1,3-H 
1,3-H 
C2H4 
Scheme I. Fragmentation of (a) [lZ-crown-4 + Co’] and (b) [2 X 12-crown-4 + Co+] complexes. 
crown4 + Co’] complex possesses the necessary de- 
gree of flexibility and optimized coordination sites 
because it has two independent ligand units com- 
plexed to one metal ion. Scheme Ib illustrates one 
possible pathway for the dissociation of the [2 X 12- 
crown-4 + Co’] complex by loss of C,HsO : Since two 
separate 12-crown-4 ligands are bound to the Co+ ion 
in the dimer instead of one 12-crown-4 ligand trying to 
fully coordinate the Co+ in the monomer complex, the 
rearrangement process is facilitated. Upon loss of the 
radical, the metal ion is able to attain a more favorable 
2 + oxidation state in the dimer complex. 
The only other dimer complex that is observed is 
the [2 X 15-crown-5 + Co+] complex. Upon collisional 
activation, it dissociates predominantly by loss of one 
15-crown-5 ligand. After loss one of the 15crown5 
ligands, the resulting [15-crown-5 + Co’] fragment 
may have sufficient excess internal energy to undergo 
the subsequent el imination of C,H,. The loss of a 
C,H, unit was the predominant dissociation pathway 
observed for CAD of the [15-crown-5 + Co’] complex 
[47], so it is a reasonable secondary dissociation route 
of the [2 x 15-crown-5 + Co’] dimer. It is interesting 
to note that although both the 12-crown-4 and 15- 
crown-5 ligands are capable of forming dimer com- 
plexes with Co+ ions, only the [2 X 12-crown-4 + Co’] 
complex incorporated two ligands that were both suf- 
ficiently strongly bound to enable the favorable radical 
loss fragmentation pathways. 
Dissociation of Monopositive Glyme 
Dimer Complexes 
To further explore the influence of ligand flexibility 
and cooperativity on the dissociation of the metal 
complexes, complexes of the form [2 x glyme + M+l 
were formed by ion-molecule reactions between se- 
lected metal ions and the glymes. As noted above for 
triglyme or larger glymes, the dimer complexes are not 
observed. This result suggests that ethers that have 
four or more oxygens and a flexible structure can fully 
coordinate a monopositive metal ion such that addi- 
tion of a second ether ligand is not thermodynamically 
favorable. 
The CAD results for the smaller glymes are summa- 
rized in Table 2. The Co+ and Ni+ complexes provide 
the most interesting results. For example, the [2 X 
diglyme + Co’] complex dissociates predominantly by 
elimination of one entire diglyme unit, whereas the 
12 X glyme + Co’] complex dissociates predomi- 
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Table 2. CAD spectra of monopositive transition metal ion-&me monomer and dimer complexes: Series of neutral lose9 
Monoglyme Diglyme Triglyme 
[L+ M+l [2L+ M+l [L+ M+l [2L + M+l [L+ M+l [2L + M+l 
cu+ CH,OH (40%) Glyme (100%) CH,OH, nC,H,O (70%) Diglyme CH,OH, nC,H,O (75%) NA 
(100%) 
CHIO (5%) X C,H,O (25%) X C,H,O, nC2H,0 (25%) 
CuH (45%) X 90 (5%) X X 
CuOCH, (10%) X X X X 
co+ CH, (5%) G lyme (20%) CH., (5%) Diglyme CH,, nC,H,O (10%) NA 
CHIO (5%) X CHzO (5%) (100%) CH,O, nC,H,O (7%) 
C,H,O (20%) X C,H,O (10%) X C,H60, r&H40 (28%) 
C,H,O, nC,H,O (70%) X X X X 
X CH, (65%) CH,, r&H,0 (80%) X CH,, nC,H,O (55%) 
CH,, C,H,O (15%) 
Ni+ CH,O (50%) Glyme (63%) X Diglyme X 
(100%) 
CH,OH (40%) X CH,OH. X X 
nC,H,O (10%) 
C,H,O (10%) X C,H,O (80%) X C,H,O, nC2H,0 (5%) 
X CH, (30%) CH,, C2H,0 (10%) X CH;, nC,H,O (90%) 
X Glyme, CH,O (5%) X X C,H,O; nC,H,O (5%) 
X Glyme, CH,OH (2%) X X X 
‘NA: no dimer formation was observed. nC,H.,O means a series of C2H,0 units may be lost in conjunction with a specific fragment. For 
individual fragment percentages of [L+ M+l complexes, see ref 47. 
nantly by loss of one CH, unit. This difference sug- 
gests that the [2 x diglyme + Co’] complex is com- 
posed of one diglyme ligand that is more strongly 
coordinated to the Co+ ion than the second ligand, so 
that upon activation the complex simply sheds the 
more loosely bound ligand. This analogous trend is 
observed for all of the diglyme dimer complexes. 
Diglyme, which contains three oxygen atoms, can par- 
tially wrap around the metal ion, but there still re- 
mains sufficient access to allow a second diglyme lig- 
and to attach to the complex, forming a loosely bound 
but stable dimer complex. 
In contrast, monoglyme only has two oxygen atoms, 
and thus the dimerization process results in a substan- 
tially more stable metal complex in which the metal 
ion is more fully coordinated relative to the monomer 
complex. When two separate monoglyme ligands are 
coordinated to the metal ion, there is both sufficient 
flexibility and complete coordination to allow access to 
the more favorable fragmentation pathways that in- 
volve elimination of radical species, such as CH,. As 
elucidated previously [471, the loss of radical species 
allows formation of one covalent or ionic bond be- 
tween the glyme ligand and the metal ion and permits 
the metal ion to achieve a more favorable 2 + oxida- 
tion state. In fact, for the simple [monoglyme + Co’] 
complex, the radical loss pathways were not observed 
[47l, presumably because this small bidentate ligand 
does not offer enough coordination sites or flexibility 
to permit their occurrence. However, the dimer com- 
plex has two independent ligands, and then the radical 
loss pathways are favored. Pathways are suggested in 
Scheme IIa and b. For the [diglyme + Co+ I complex, 
the radical loss pathways are accessible, thus illustrat- 
ing how even a slightly larger glyme can meet the 
requirements for the alternative radical fragmentation 
routes. However, the [2 x diglyme + Co’] dimer 
complex reverts to the dissociation behavior observed 
for the [2 X 15crown5 + Co’] dimer complex, in that 
an entire ether ligand is displaced upon energization of 
the complex. This behavior indicates that the second 
ether ligand is weakly bound to the complex. scheme 
IIc shows the favored pathway for the dissociation of 
the [tiglyme + Co’] complex in comparison to the 
dissociation of the [2 x monoglyme + Co’] complex 
because both complexes possess four oxygen binding 
sites. 
Formation of Doubly Charged Complexes by 
Electrospray Ionization 
The electrospray ionization of methanolic SolutiOns 
containing a polyether and a transition metal ion salt 
allowed for the observance of doubly charged mono- 
mer and dimer complexes in the gas phase such as 
[L + Mz+] and [2L + M’+]. Doubly charged trimer 
species [3L + M*+] were also generated, and tetramer 
complexes were occasionally observed in low abun- 
dances. The relative intensities of the various metal 
complexes varied appreciably for the different metal 
ions and the various polyethers, with the Cu*+ com- 
plexes always being the least intense. For example, the 
crown ether-Cu*+ complexes were always of low in- 
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Scheme II. Fragmentation of (a) [monoglyme + Co+], (b) [2 x mono&me + Co+], and (c) [triglyme + Co+] complexes. 
tensity or absent entirely. No dimer formation was 
observed for 12-crown-4 and 15-crown-5 with CL?+; 
only the largest polyether, lS-crown-6, generated its 
corresponding dimer. This inefficient complex forma- 
tion may be attributed to several factors. The Cu2+ 
complexes may not desolvate efficiently or may remain 
associated with counterions that neutralize the net 
charge. To explore the reasons for the especially poor 
formation of Cu’+-polyether complexes, the reactions 
of Cu+ were examined by the ES1 method. Because the 
laser desorption results for Cu+ proved successful, it 
seemed logical to compare the complexation of Cu2+ 
versus Cu+ in the ES1 experiments. In fact, the Cu+ 
complexes created by ES1 are typically an order of 
magnitude more abundant than the Cu2+ complexes. 
Two types of Cu+ complexes are predominant in the 
ES1 experiments: [L + Cu+-t- 2CHsOHl and [2L + 
Cu++ CHsOHl. These results show that the formaI 
oxidation state of the metal ion plays an important role 
in determinin g its capability for formation of stable 
positively charged complexes by ESI. The doubly 
charged complexes may remain more strongly sol- 
vated or associated with counteranions due to the 
higher charge density of the metal ion, thus resulting 
in a lower observed spectral intensity relative to the 
singly charged complexes. 
In contrast to the Cu2+ complexation, the systems 
containing either Co2+ or Ni2+ generated complexes 
with larger intensities, including monomer, dimer, 
trimer, and some tetramer species. The formation of 
doubly charged dimers by 15-crown-5 and M-crown-6 
is in sharp contrast to the results obtained from the 
experiments that involved ion-molecule reactions with 
laser-desorbed monopositive metal ions. In those ex- 
periments, dimer formation was not observed for the 
two larger crown ethers. The successful detection of 
the doubly charged dimers and even trimers for all of 
the sizes of polyethers may be related to two effects. 
First, the use of doubly charged metal ions creates a 
much different coordination environment than that of 
the singly charged metal ions. For instance, the higher 
charge density of the doubly charged metal center 
results in stronger coordination abilities. Second, the 
electrospray process involves the transfer of complexes 
created in a solution environment directly to the gas 
phase, unlike the gas-phase reactions of the laser- 
desorbed metal ions. Doubly charged dimer species of 
polyethers have been identified previously in solution 
[54], including ones involving transition metal ions, 
and thus they can simply be transported to the gas 
phase via the electrospray process, unlike the laser 
desorption method, which requires complete assembly 
of the complexes in the gas phase. In any case, the 
production of doubly charged complexes by ES1 does 
not demonstrate any apparent size selectivity of the 
polyether ligand. 
Dissociation of Doubly Charged 
Monomer Complexes 
Upon collisional activation, the monomer complexes 
dissociate exclusively by loss of C,H,O units (Table 
3). The number of C,H,O units expelled increases as 
the size of the crown ether increases. For [15-crown-5 
+ Co2+] and [15-crown-5 + Ni2+], loss of one unit is 
observed, whereas [M-crown-6 + Co2+l and [18- 
crown-6 + Ni2+] undergo losses of one and two 
C,H,O units. This dissociation behavior is hardly sur- 
prising as sequential losses of C2H,0 units are gener- 
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Ni2’], [2 x B-crown-6 + Cu2+], and [2 x 15-crown5 
+ Co2+l dissociate exclusively by loss of one crown 
ether ligand (Figure 2). Thus, there is no evidence for 
rearrangement or bond cleavages of the crown ether 
structure. For some of the dimer complexes, including 
12 X B-crown-fj + Co2+], [2 x 12-crown-4 + Co2+ I, 
and [2 X 12-crown-4 + Ni2+ I, the loss of multiple units 
of C,H,O is also observed, just as was observed for 
the analogous [crown ether + M2+ I complexes. These 
latter processes account for only lo-20% of the frag- 
ment ion intensity. The losses of C,H,O units were 
never observed for the [2L + M+] monopositive com- 
plexes generated from the laser desorption experi- 
ments. For example, the [2 X 12-crown-4 + Co’] com- 
plex dissociated by loss of one 12-crown-4 unit (60% 
fragment ion current), by loss of radical neutrals (15% 
fragment ion current), and by elimination of one 12- 
crown4 molecule with additional small losses from 
the remaining 12-crown-4 ligand (25% fragment ion 
current). The loss of C,H,O units does not allow the 
metal ion in the singly charged complexes to attain a 
ally characteristic of crown ether structures [511. The 
stability of the product ions and neutral fragments 
influences the number of C2H,0 units that are lost 
when the complex is activated. Losses of C,H,O units 
were also observed for dissociation of the singly 
charged monomer complexes generated through gas- 
phase ion-molecule reactions of laser&sorbed 
monopositive ions with the crown ethers. For [12- 
crown4 + Cu’l, [12-crown-4 + Ni+l, [E-crown-5 + 
Cu+], [U-crown-5 + Ni+], and [l&crown-6 + Cu’l, 
the aforementioned losses were the predominant frag- 
mentation pathways that were observed [47]. 
Collisionally Activated Dissociation of Doubly 
Charged Dimer Complexes 
The predominant fragmentation pathway for all the 
crown ether dimer complexes, regardless of the iden- 
tity of the transition metal ion, is disassembly by 
elimination of entire crown ether units (Table 3). For 
example, [2 X 15-crown5 + Ni2’], [2 X 18crown-6 + 
Table 3. CAD spectra of doubly charged transition metal ion-crown ether complexes: Series of neutral losses” 
12-Crown-4 15-Crown-5 1 I-Crown-6 
Mz+ [L+M’+l [2L+MZ+l [3L+M’+] [L+M’+] [2L+M2+] [3L+M*+] [L+M*+] [2L+M*+] [3L+ M*+] 
CU NA NA NA NA NA 15-crown-5 NA 18-crown-6 NA 
(100%) 
1 S-crown-5 
(55%) 
2(15-C-5) 
(45%) 
(100%) 
18-crown-6 
(70%) 
18-crown-g, 
C2H40 
(16%) 
co NA 12-crown-4 
(60%) 
X 
12-crown-4 
(75%) 
2112-C-4) 
(25%) 
X 
X 
15-crown-5 
(100%) 
X 
x 18-crown-6 
(45%) 
2118-C-6) 
(55%) 
X 
2C,H40 
(5%) 
X C2H40 
(100%) 
X 
X 
X X CzH4O 
(70%) 
X 
18-crown-6; 
2C2H4O 
114%) 
Ni NA 
3&H& 
(25%) 
C,& 
3C2H40 
(10%) 
12-crown-4 
(50%) 
X 
X X 
X 
X 2C,H40 
(30%) 
X 
X 
X X X X 
12-crown-4 
(70%) 
2(12-C-4) 
(30%) 
X 
X 
15-crown-5 
(100%) 
X 
15-crown-5 
(55%) 
2(15-C-5) 
(45%) 
X 18-crown-6 
(100%) 
X 
18-crown-6 
(70%) 
2118-C-6) 
(30%) 
X 
2C2H40 
(10%) X C2H40 
(100%) 
X 
X X C2H40 
(40%) 
X X 
3C,H,O 
(30%) X X X 2C2H40 
60%) 
X X 
C2H2. X 
3C,H,O 
(10%) 
X 
X 
X 
‘NA: no dimer formation was observed. 
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(15-crown-5 + Co2+) 
,,I I 
loss of C&OH in conjunction with C,H,O units, and 
elimination of one whole &me molecule. These path- 
ways are the same ones commonly observed for singly 
charged [glyme + M+] complexes, and they are analo- 
gous to the types of fragmentation processes of the 
doubly charged crown ether complexes described in 
the preceding text in that losses of radicals are not 
observed. For the trimer complexes, the predominant 
dissociation pathways involve loss of one or two glyme 
molecules, just as was noted for fragmentation of the 
crown ether trimer complexes. 
Conclusions 
m/z 
Figure 2. CAD of [2 X 15-crown-5 + Co*+] complex. 
For the singly charged complexes, the capability for 
dimer formation by the ethers is dependent on the 
number of available coordination sites of the ligand 
and its ability to fully coordinate the metal ion. For 
example, 18-crown-6 never forms dimer complexes, 
but 12-crown4 readily forms dimers. For the more 
flexible acyclic ethers, the ligands that have four or 
more oxygen atoms do not form dimer complexes 
because the acyclic ligands have sufficient flexibility to 
wrap around the metal ion and prevent attachment of 
a second ligand. The observation that 15-crown5 forms 
dimers with Co”, but not with Ni+ or Cu+, may be 
explained by a difference in sizes of the monopositive 
metal ions, a reflection of their degree of unsaturation, 
or differences in the directionality of the transition 
metal coordination sites. For the doubly charged com- 
plexes, dimers are observed for all of the crown ethers 
and glymes, thus showing no dependence on the flex- 
ibility or number of coordination sites of the polyether. 
The nonselectivity of dimer formation is attributed to 
the higher charge density of the doubly charged metal 
center, resulting in stronger coordination abilities. 
more favorable oxidation state, so these fragmentation 
pathways are not favored for the monopositive com- 
plexes formed by the laser desorption reactions. The 
radical losses, however, do allow the metal ion the 
possibility of changing from a 1 + to a 2 + oxidation 
state. In contrast, the [2 X 12-crown-4 + Co2+] com- 
plex involves a metal ion in a favorable 2+ state, and 
the oxidation of Co’+ to Co3+ typically requires the 
presence of strong ligands. Thus, the radical losses are 
not favorable for the doubly charged complexes gener- 
ated by ES1 presumably because the polyethers are not 
sufficiently strong ligands to promote the oxidation 
process. However, the loss of C,H,O units for [2 x 12- 
crown-4 + Co’+ ] permits a facile way for the complex 
to break down upon energization without involving a 
change in the oxidation state of the metal ion. 
Dissociation of Doubly Charged Trimer Complexes 
When subjected to collisional activation, the trimers 
disassemble by losing one or two ligands (Table 3). 
Loss of one ligand (about 60% of the fragment ion 
current) is much more predominant than loss of two 
(about 40% of the fragment ion current). This observa- 
tion reflects that more energy is required to remove 
two ligands compared to the removal of one ligand, so 
the elimination of one ligand is the favored process. 
Losses of C,H40 units are not observed upon CAD of 
the trimer complexes. This result suggests that the 
elimination of one or more C,H,O unit requires more 
energy than the cleavage of one whole crown ether 
unit. Thus, the third crown ether unit in the trimer 
complex is relatively weakly bound. 
Dissociation of the Doubly Charged Glyme Dimer 
and Trimer Complexes 
The doubly charged triglyme and tetraglyme dimer 
complexes typically dissociate by three types of path- 
ways: loss of C,H,O in conjunction with C,H,O units, 
Collisionally activated dissociation was used to 
evaluate the structures of the metal-polyether dimer 
complexes. Radical fragmentation processes are ob- 
served for some of the singly charged dimer complexes 
incorporating the smaller polyethers because these 
pathways allow the monopositive metal ion to attain a 
more favorable 2 + oxidation state. These radical losses 
are not observed for the monomer complexes because 
the monomer structures do not have two independent 
ligands, a feature that enhances the coordination ge- 
ometry of the dimer complexes and allows more flexi- 
bility for the rearrangements necessary for loss of radi- 
cal species. However, the same types of radical pro- 
cesses are observed for monomer complexes involving 
the larger polyethers that have more coordination sites 
and greater flexibility. Thus, the critical features neces- 
sary for radical losses include the overall degree of 
ligand flexibility and the presence of a sufficient num- 
ber of oxygen coordination sites in the transition metal 
complexes. Dissociation of doubly charged complexes 
generated by ES1 does not result in losses of radical 
neutrals because the metal ions already exist in favor- 
able 2+ oxidation states. Instead, the doubly charged 
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complexes dissociate by losses of C,H,O units or 
elimination of entire polyether ligands. 
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